The search for the Standard Model (SM) Higgs boson (H) produced through the Vector Boson Fusion (VBF) mechanism and decaying to a pair of bottom quarks is reported. The used data have been collected with the CMS detector and correspond to an integrated luminosity of 19.8 fb −1 of proton-proton collisions at √ s = 8 TeV at the CERN LHC. Parked data have been exploited as well. This search resulted in an observed (expected) significance in these data samples for a H → bb signal at a mass of 125 GeV of 2.2 (0.8) standard deviations. The cited signal strength, µ = σ/σ SM , was measured to be 2.8 +1.6 −1.4 . This result has been combined with other CMS searches for the SM Higgs boson decaying in a pair of bottom quarks exploiting other Higgs production mechanisms. The obtained combined signal strength is 1.0 ± 0.4, corresponding to an observed signal significance of 2.6 standard deviations for a Higgs boson mass of 125 GeV.
Introduction
In the Standard Model theory [1, 2, 3] the electroweak symmetry breaking is explained by the Brout-Englert-Higgs mechanism [4, 5, 6] which is responsible for the electroweak gauge bosons to acquire mass. This mechanism predicts the existence of a Higgs scalar boson. The observation of a new particle in the mass region around 125 GeV, consistent with the Higgs boson, was announced by the ATLAS [7] and CMS [8] experiments at CERN's Large Hadron Collider (LHC) on 4 July 2012.
After the Higgs boson discovery, the main goal is now to precisely measure and study the properties of the recently discovered particle and to compare them with the ones expected for the predicted boson. One of the most interesting aspects to analyze is the coupling between the particle and the fermions and, in the SM theory, the most probable decay of the Higgs boson of m H = 125 GeV is in a pair of b-quarks. This process is particularly difficult to be observed at the LHC in the inclusive production (dominated by Gluon Fusion) since the QCD background is overwhelming. It is therefore searched in other production channels: Vector Boson Fusion (VBF), Associated Vector Boson Production (VH) and Associated Top-Pair Production (ttH), where the Higgs boson is produced in association with other particles, resulting in a more distinguishing signal topology. The VBF production channel is the one exploited in the analysis here presented.
In the VBF process a quark of each one of the colliding protons radiates a W or Z boson that subsequently interact or fuse.
The two valence quarks are typically scattered away from the beam line and inside the detector acceptance, where they can be revealed as hadronic jets. The prominent signature of VBF is therefore the presence of two energetic hadronic jets, roughly in the forward and backward direction with respect to the proton beam line. As a result, the signal final state features are a central b-quark pair (from the Higgs decay) and a light-quark pair (u,d-type) from each of the colliding protons, in the forward and backward regions.
The overwhelmingly most relevant and irreducible background to the signal search comes from the QCD production of four jets events with true or mistagged b-jets. Other backgrounds arise from: (i) hadronic decays of Z or W bosons produced in association with additional jets, (ii) hadronic decays of top quark pairs, and (iii) hadronic decays of singly produced top quarks. The final expected signal yield includes also the contribution of the Higgs bosons produced in Gluon Fusion processes with at least two associated jets.
Trigger
The data used for this analysis were collected with two different trigger strategies:
1. Dedicated VBF qqH → qqbb trigger. A set of dedicated trigger paths was specifically designed and deployed for the VBF qqH → qqbb signal search, both for the L1 and HLT levels, and operated during the full 2012 data-taking period. This set of triggers, called nominal, collected the largest fraction of the signal event.
The L1 paths require the presence of three jets with p T above optimized thresholds X, Y, Z (X = 64 -68 GeV, Y = 44 -48 GeV, Z = 24 -32 GeV) according to instantaneous luminosity. Among the three jets, at most one among the two p T leading jets can be in the forward pseudorapidity region, while the remaining two have to be central. The HLT paths are seeded by the L1 paths described above, and require the presence of four jets with p T above thresholds that are again adjusted to the data-taking luminosity, p T > 75 -82, 55 -65, 35 -48, and 20 -35 GeV, respectively. At least one of the selected four jets must further fulfill minimum b-tagging requirements. To identify the two VBFtagging jets two criteria have been exploited: (i) the pair with the smallest HLT b-tagging values; (ii) the pair with the maximum pseudorapidity opening. Both pairs are required to exceed variable minimum thresholds on |∆η jj | of 2.2-2.5, and of 200-240 GeV on the dijet invariant mass m jj , depending on the instantaneous luminosity.
2. General-purpose VBF trigger. The L1 paths for the general-purpose VBF trigger require minimum hadronic activity in the event with a scalar p T sum of 175 or 200 GeV, depending on the instantaneous luminosity. The HLT path is seeded by the L1 path described above, and requires the presence of at least two CaloJets with p T > 35 GeV. Out of all the possible jet pairs in the event the pair with the highest invariant mass is selected as the most probable VBF tagging pair. The corresponding invariant mass m jj and absolute pseudorapidity difference |∆η jj | are required to be larger than 700 GeV and 3.5.
The integrated luminosity collected with the first set of triggers was 19.8 fb −1 , while for the second trigger it was 18.2 fb −1 .
Event reconstruction and selection
The offline analysis uses reconstructed charged-particle tracks and candidates of the ParticleFlow (PF) algorithm [9, 10, 11] . Jets are reconstructed by clustering the PF candidates with the anti-k T algorithm with distance parameter 0.5 and jets that are likely to be originated from the hadronization of b quarks are identified with the CSV b-tagger [12] . The events used in the offline analysis are required to have at least four reconstructed jets and the four p T -leading ones are considered as the most probable b-jet and VBF jet candidates. A multivariate discriminant taking into account the b-tag value, the b-tag ordering, the η value, and the η ordering is exploited to distinguish between the two jet types.
The offline event selection is based upon the kinematic properties of the b-jet and VBF jets. Selected events are divided into two sets: set A and set B, whereof the selection requirements are shown in Table 1 Table 1 : Summary of selection requirements for the two analysis sets. Reprinted from [13] .
After all the selection requirements, 2.3% of the VBF simulated signal events end up in set A and 0.8% end up in set B. In set B 39% of the signal events would also satisfy the requirements to enter set A. Such events are taken into set A and vetoed from set B, as noted in the last line of Table 1. 4 Signal properties
Jet transverse-momentum regression
In order to improve the bb mass resolution a regression technique is applied. It is essentially a refined calibration for individual b-jets which takes into account the jet composition properties beyond the default jet-energy corrections. This regression technique mainly targets the b decays in a neutrino that lead to a substantial mismeasurement of the jet p T .
For this purpose a regression Boost Decision Tree (BDT), trained on simulated signal events, is applied. Its inputs include: (i) the jet p T , η and mass; (ii) the jet-energy fractions carried by neutral hadrons and photons; (iii) the mass and the uncertainty on the decay length of the secondary vertex, when present; (iv) the event missing transverse energy and its azimuthal direction relative to the jet; (v) the total number of jet constituents; (vi) the p T of the softlepton candidate inside the jet, when present, and its p T component perpendicular to the jet axis; (vii) the p T of the leading track in the jet; (viii) the event's average p T density in the y − φ space.
The improvement on the jet p T leads to an improvement on the dijet invariant mass resolution by approximately 17%.
Discrimination between quark-and gluon-originated jets
The VBF-tagging jets originate from the hadronization of a light (u,d-type) quark, while the jets produced in QCD processes are more likely to come from gluons. As a consequence, in order to further identify if the jet pair with the smallest b-tagging values among the four selected jets is a signal event or a background event, a quark-gluon discriminator [14, 15, 16] is applied to the b-tag sorted jj candidate jets. The discriminator exploits the differences in the showering and the fragmentation of gluons and quarks and it uses, as an input to a likelihood trained on gluon and quark jets from simulated QCD events, the following variables: (i) the jet constituents' major quadratic mean (RMS) in the η − φ plane; (ii) the jet constituents' minor quadratic mean (RMS) in the η − φ plane; (iii) the jet asymmetry pull (essentially a p T -weighted vector); (iv) the jet particle multiplicity; (v) the maximum energy fraction carried by a jet constituent.
Soft QCD activity
In the region between the two VBF-tagging jets (with the exception of the more centrally produced Higgs decay products), the QCD color flow is suppressed. In order to measure the additional hadronic activity associated with the main primary vertex, only charged tracks are used.
A collection of additional tracks is built, selecting reconstructed tracks that: (i) have a high purity quality flag; (ii) have p T >300 MeV; (iii) are not associated to any of the four leading jets; (iv) have a minimum longitudinal impact parameter, |d z (P V )| with respect to the event's main primary vertex; (v) satisfy |d z (P V )| < 2 mm and |d z (P V )| < 3σ z (P V ) where σ z (P V ) is the uncertainty on d z (P V ); (vi) are not in the region between the most b-tagged jets. This region is defined as an ellipse in the η − φ plane around the b-jets with axis (a, b) = (∆R(bb) + 1, 1) where ∆R = (∆η bb ) 2 + (∆φ bb ) 2 .
The additional tracks are then clustered in soft TrackJets within the anti-k T algorithm [17] (with R = 0.5).
In order to discriminate between the signal and the QCD background, a discriminating variable H sof t T is used and it is defined as the scalar p T sum of the soft TrackJets with p T >1 GeV.
Search for a Higgs boson
In order to separate the overwhelmingly large QCD background from the Higgs boson signal, all the discriminating features have to be used in an optimal way. This is achieved by using a BDT multivariate discriminant, which exploits as input, variables very weakly correlated to the dynamics of the bb system, in particular to m bb . These variables are conceptually grouped into five groups: (i) the dynamics of the VBF jet system, expressed by ∆η jj , ∆φ jj , and m jj ; (ii) the b jet content of the event, expressed by the CSV output for the two most b-tagged jets; (iii) the jet flavor of the event: quark-gluon likelihood (QGL) for all four jets; (iv) the soft activity, quantified by the scalar p T sum H soft T of the additional "soft" TrackJets with p T > 1 GeV, and the number N soft of "soft" TrackJets with p T > 2 GeV; (v) the angular dynamics of the production mechanism, expressed by the cosine of the angle between the jj and bb vectors in the center-of-mass frame of the four leading jets cos θ jj,bb .
Since the properties of the selected events are significantly different between the two selections (set A and set B) and two BDT's are trained.
According to the BDT outputs, seven categories are defined: four for set A and three for set B.
The QCD m bb spectrum shape is assumed to be the same in all BDT categories of the same set of events. In reality small differences between the categories are present and to take into account this effect transfer functions are exploited (linear function in set A and quadratic in set B). With the introduction of the transfer functions, the fit model for the Higgs boson signal is
where the subscript i denotes the category and µ H , N i,QCD are free parameters for the signal strength and the QCD event yield. N i,H , N i,Z , and N i,Top are the expected yields for the Higgs boson signal, the Z+jets, and the top background respectively. The shape of the top background T i (m bb ; k JES , k JER ) is taken from the simulation (sum of the tt and single-top contributions) and is described by a broad gaussian. The Z/W+jets background Z i (m bb ; k JES , k JER ) and the Higgs boson signal H i (m bb ; k JES , k JER ) shapes are taken from the simulation and are parameterized as a crystal-ball function on top of a polynomial background. The position and the width of the gaussian core of the MC templates (signal and background) are allowed to vary by the free factors k JES and k JER , respectively, which quantify any mismatch of the jet energy scale and resolution between data and simulation. Finally, the QCD shape is described by a Bernstein polynomial B(m bb ; p set ), common within the categories of each set, and whose parameters p set are determined by the fit, and a multiplicative transfer function K i (m bb ) that accounts for the shape differences between the categories. For set A, the Bernstein polynomial is of 5th order, while for set B it is of 4th order. Figure 1 show the simultaneously fitted m bb distributions in the signal enriched categories for set A and set B, respectively. 
Results
The models representing the two hypotheses, of background only, and of background+signal are fitted to the data, simultaneously in all the categories. The limits on the signal strength are computed with the Asymptotic CLs method [18] . The search for the Standard Model Higgs boson decaying in a pair of bottom quarks, as described in the previous Sections, is performed by the CMS Collaboration in the VH [19] , VBF and ttH [20] production channels. The results of these searches are summarized in Table 2 , along with the resulting combined results. Table 2 : Observed and expected 95%CL limits, best fit values and significance on the signal strength parameter µ = σ/σ SM at m H = 125 GeV, for each H → bb channel and combined.
Reprinted from [13] .
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